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(54) Title: METHOD AND APPARATUS FOR MONITORING STRUCTURAL FATIGUE AND USE 




(57) Abstract: An electronic stress monitoring device (1) is provided that is arranged to detect and record measurements of stress 
experienced by a structure (2) to which the stress history unit is attached, with the measurement and recordal of stress occurring at 
substantially the same location. The stress monitoring unit (I) is also arranged to process the detected readings of stress to determine 
when significant structural events are occurring within the structure (2) to which it is attached. Data indicative of these events are 
recorded within the stress monitoring device (1). Periodically data recorded within the stress monitoring device (1) is obtained by a 
data reader (4) and then transmitted to a computer (6) for subsequent analysis. 
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METHOD AND APPARATUS FOR MONITORING 



STRUCTURAL FATIGUE AND USE 
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The present application relates to method and apparatus 
for measuring structural fatigue to generate an 
electronic record of stress and strain experienced by a 
structure. Embodiments of the present invention concern 
apparatus which monitor and record structurally 
significant events so that the structural integrity of 
components may be determined. 

Engineering components rarely fail by a single 
application of load. Normally bulk static material 
resistance to applied load is reasonably well understood 
and components are designed to contain design loads. In 
addition, most designs incorporate safety factors to 
account for unforeseen events including underestimation 
of the magnitude of applied load and overestimation of 
material strength. The vast majority of engineering 
components therefore fail by a combination of progressive 
failure mechanisms which affect a structural material's 
ability to elastically resist applied stresses. In the 
great majority of cases involving progressive degradation 
of structural materials the term fatigue is frequently 
used . 
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Fatigue may be defined as structural deterioration of a 
material under varying load which never reaches a 
magnitude that would cause failure in a single 
application- It is a progressive phenomenon, the time 
taken to reach the fatigue failure state is directly 
related to the magnitude and number of local 
stress/strain oscillations and structurally significant 
events- There are many different mechanisms attributed 
to fatigue but all have some relationship to the nature 
of applied load. 

There is general acceptance that the fatigue process 
consists of two distinct phases. The first is fatigue 
crack initiation. This is the period during which a 
15 material is cyclically stressed and reacts as an apparent 

continuum i.e. there is no macroscopic evidence that 
stressing is causing damage to the uniformity of the 
material. However, in reality it is known that if the 
stress/strain cycles are above a threshold magnitude, 
20 micro-mechanisms contribute to the generation of 

macroscopic discontinuities in the material's fabric, 
these frequently grow to become fatigue cracks . 
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The second phase of the fatigue process is fatigue crack 
propagation. This is the period during which cracks grow 
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in size at varying rates depending upon the nature of the 
loading , the material through which the crack grows and 
the environment in which the crack is exposed. Finally 
when the crack reaches a critical size, the component 
will fail in a relatively short period of time. 

Structural integrity management is an extension of 
quality assurance applied to structures during their 
effective lives. The underlying check against which a 
structure is judged is whether it is fit-for purpose i.e. 
although, a certain degree of damage and/or increased 
loads may be tolerated a structure must be continually 
or- periodically evaluated for its ability to safely 
conduct the task for which it was designed. 

Fatigue crack propagation is relatively easy to monitor 
(hence the large number of commercial crack inspection 
instruments available) due to the macroscopic nature of 
cracks. Once a crack/flaw is detected it can be measured 
relatively accurately and linear elastic fracture 
mechanics analysis applied to understand the time until 
the crack develops to a critical size. This is 
determined using general yielding and fracture analysis. 
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In contrast, there is no instrument available that can 
directly measure the damage fraction spent during the 
fatigue crack initiation phase. Instead, industry relies 
on periodic inspection for cracks based upon analytical 



simulations are sensitive to the skill and experience of 
integrity assessment engineers and subsequent discovery 
of cracks is dependent upon the skill of the inspector 
and performance of the inspection method. 

The lack of a fatigue crack initiation monitor is a real 
disadvantage for integrity assessment, particularly when 
one considers that in certain highly finished structural 
components (e.g. shafts, spindles, bearing housings, 
rotor blades etc.) total fatigue life can often comprise 
of up to 90% fatigue crack initiation and 10% fatigue 
crack propagation. 

It is known in the case of aircraft bodies to provide 
electrical strain gauges to measure variations in strain 
experienced by the aircraft. The signals generated by 
a number of strain gauges at various positions on an 
aircraft are then fed to a central recording device where 
the signals are digitised and representation of the 
signals are recorded on magnetic tape. In US-A-433 6595 r 



and numerical prediction models. 



These, like all 
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it was recognised that the delay which arose between 
obtaining strain data and its subsequent interpretation 
was undesirable, and therefore it was proposed that 
detected signals should be automatically processed within 
a computer on board the aircraft rather than merely 
recorded. 

A further example of a built in monitoring system is 
disclosed in US5531122. This discloses a monitoring 
system for trucks in which the pressure within oil 
suspension struts in shock absorbers are monitored. 
However, although US-A-4336595 and US-A-5531122 are 
examples of monitoring system neither the system of US-A- 
4336595 nor that described in US-A-5531122 is suitable 
for use for monitoring a variety of different structures. 

An example of a device for automatically processing 
stress measurements is disclosed in EP0856817. This 
discloses a device which can be connected to external 
strain gauges via strain gauge ports. Readings from the 
external strain gauges are then automatically processed 
utilizing rain flow analysis to obtain a set of values 
indicative of fatigue. 
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In accordance with one aspect of the present invention 
there is provided apparatus for detecting and recording 
strain experienced by a structure to which the apparatus 
is attached, said apparatus comprising: 
a housing open at one end; 

a strain gauge arranged to be fixed to and measure 
the strain experienced by a structure to which the 
apparatus is attached; 

electronic data storage means for storing 
measurements of strain by said strain gauge; and 

wiring means for transferring measurements of strain 
from said strain gauge to said data storage means, 

characterised in that said strain gauge, said wiring 
means and said electronic data storage means are all 
contained within said housing, 

In accordance with this aspect of the present invention 
a device is provided which comprises not only an in situ 
strain detector but also a means located substantially 
at the same position as the strain detector for 
recording/storing data therefrom. This means highly 
faithful recordings of the signals can be made for future 
analysis . By minimising the distance and length of the 
wiring between the strain detection device and the data 
storage device it is possible to reduce signal 
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degradation by eliminating temperature, electrical 
electromagnetic interference from the transmission of a 
signal between the strain gauge and the data storage 
system. By eliminating the sources of error an improved 
record of the strains experienced by a structure may be 
obtained. 

In accordance with a further aspect of the present 
invention there is provided a device for recording the 
strain exerted upon a structure to which the apparatus 
is attached, said apparatus comprising: 
a housing open at one end; 

strain detection means mounted within said housing 
for detecting strain exerted upon the structure to which 
the apparatus is attached; and 

data storage means mounted within said housing said 
data storage means being arranged to store data 
indicative of the strains detected by said strain 
detection means; 

characterised by further comprising determination 
means for determining from said strains detected by said 
strain detection means and data stored in said data 
storage means when a significant structural event is 
occurring, wherein said data storing means is arranged 
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to record data indicative of significant structural 
events as determined by said determining means. 

The applicants have appreciated that whilst laboratory 
5 equipment exists for measuring stress experienced by 

structures, such laboratory equipment is aimed primarily 
at obtaining highly accurate measurements of stress and 
strain. Such great accuracy is, however, not necessary 
in determining the long term effects of stress upon the 

10 structural integrity of components since much of the data 

is superfluous and highly accurate readings of stress are 
not required. Thus in accordance with this aspect of the 
present invention means is provided to determine from 
measured stress readings the degree of structural use of 

15 a component. This is achieved by determining whether a 

significant structural event is occurring and recording 
data only when such events occur. In this way a record 
of stresses resulting in cyclic hardening and softening, 
loading interaction effects with variable amplitude 

20 cycling, coaxing and rest periods etc for an individual 

structure may be determined. The amount of usage of a 
component can therefore be measured. 



25 



The applicants have further appreciated that by providing 
an apparatus to read and record stresses throughout the 
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entire lifetime of a component or structure a means is 
provided by which fatigue within the device or structure 
may be monitored, in particular during the crack 
initiation phase. In order to measure and record 
stresses over the entire lifetime of a structure, a power 
source which provides sufficient power for monitoring and 
recording for the entire lifetime of the structure must 
also be provided. This can be achieved by either 
providing a renewable power source e.g. a solar panel, 
or alternatively arranging the measuring means and 
recording means in a manner which minimises power 
consumption so that a non-renewable power source, such 
as a battery may power the apparatus for substantially 
the lifetime of the structure being monitored. 

Further aspects and embodiments of the present invention 
will become apparent with reference to the following 
description and drawings in which: 

Figure 1 is a schematic diagram of a first embodiment of 
the present invention; 

Figure 2 is a perspective view of a stress monitoring 
device in accordance with a first embodiment of the 
present invention; 
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Figure 3 is a cross-section of a stress monitoring device 
in accordance with a first embodiment of the present 
invention? 

Figure 4 is a block diagram of the processing unit of 
Figure 3 ; 

Figure 5 is a flow diagram of the processing of the 
processor of Figure 4; 



Figure 6 is a flow diagram of the processing of a 
processor in accordance with a second embodiment of the 
present invention; 

Figure 7 is a block diagram of the processing unit of a 
fourth embodiment of the present invention; 

Figure 8 is a flow diagram of the processing of the 
processor of Figure 7; 



Figure 9 is a perspective view of a fifth embodiment of 
the present invention arranged to measure stresses 
exerted upon a bridge; and 
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Figure 10 is a perspective view of a sixth embodiment of 
the present invention arranged to measure stresses 
exerted upon diving equipment. 

Figure 1 is a schematic diagram of a first embodiment of 
the present invention. A stress monitoring device 1 in 
accordance with this embodiment of the present invention 
is arranged to monitor stresses and strains exerted upon 
a drill string 2 used to rotate a drill bit (not shown 
in Figure 1) for cutting through rock as part of oil and 
gas drilling equipment. 

In accordance with this embodiment of the present 
invention the stress monitoring device 1 is attached to 
the surface of the drill string 2 whose stresses are to 
be monitored. The drill string 2 and the stress 
monitoring device 1 are then covered by hard facing 3 
which acts to protect the stress monitoring device 1 from 
damage whilst the drill string 2 is being used. 

Once in place the stress monitoring device 1 continually 
monitors and records the stresses and strains exerted 
upon the drill string 2. Data indicative of significant 
structural events detected by the stress monitoring 
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device are recorded within the memory (not shown in 
Figure 1) of the stress monitoring device 1. 

Periodically, when the drill string is returned to the 
surface the stress monitoring device 1 is interrogated 
by a data reader 4 that is arranged to download data from 
within the memory of the stress monitoring device 1 into 
the data reader 4 by means of a radio link 5. Thus in 
this way data recorded by the stress monitoring device 
1 may be accessed without either removing the stress 
monitoring device 1 from the drill string 2 or removing 
the hard facing 3 protecting the stress monitoring device 
1. 

When data from the memory of the stress monitoring device 
1 has been copied into the data reader 4, this data may 
further be transferred to a computer 6 from the data 
reader 4 by a second radio link 7 where the data recorded 
by the stress monitoring device 1 can be subjected to 
further analysis. 

By providing a stress monitoring device 1 that is 
arranged for continually monitoring the stresses 
experienced by the drill string 2 a means is provided to 
enable the monitoring of fatigue crack initiation. In 
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particular, in accordance with this embodiment of the 
present invention where a stress monitoring device 1 is 
provided to monitor stresses on a drill string 2 used 
under ground, by providing a memory which stores a record 
of stresses, a means is provided to obtain a record of 
stress throughout the user of the drill string 2 even 
though data may only be periodically obtained by the data 
reader 4 due to difficulties of communicating with the 
stress monitoring device 1 when the drill string is under 
ground. By withdrawing drill strings from use on the 
basis of monitored stresses down hole failure of a drill 
string during a drilling operation can therefore be 
avoided . 

The physical structure of a stress monitoring device 1 
in accordance with this embodiment of the present 
invention will now be described with reference to Figures 
2 and 3 in which Figure 2 is a schematic perspective view 
of a stress monitoring device in accordance with this 
embodiment of the present invention and Figure 3 is a 
cross-section of a stress monitoring device 1. 

In accordance with this embodiment of the present 
invention the stress monitoring device 1 comprises a 60 
x 80 mm rectangular plate 10 that has a 10 x 2 0 mm 
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rectangular hole 11 at its centre. In this embodiment 
the rectangular plate comprises 15mm thick brass plate. 
It will be appreciated however that in other embodiments 
any suitable material for example plastic, aluminium etc 
which is relatively strong and can be shaped could be 
used. This rectangular plate 10 is bonded by epoxy-resin 
to the surface of the drill string 2 . At the four 
corners of the rectangular plate 10 are provided screw 
holes 12 arranged to receive screws 14 for fixing a cover 
16 to the rectangular plate 10. 

In this embodiment the cover 16 comprises a 6 0 x 8 0 mm 
rectangular cover made from rigid plastic and has 
provided in its surface a dome of a half ovoid shape that 
rises to a distance of 24 mm from the upper surface of 
the rectangular plate 10 at its centre thereby defining 
a cavity 2 0 between the dome of the cover 16 and the 
upper surface of the rectangular plate 10. The four 
corners of the cover 16 not occupied by the dome extend 
to form flanges which each have provided therein a 
further screw hole 22 through which the screws 14 pass 
to fix the position of the cover 16 relative to the plate 
10. By bonding the rectangular plate 10 to the surface 
of a drill string 2 and then bolting the cover 16 to the 
plate 10 by means of inserting screws 14 through the 
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screw holes 12,22 a means is provided to fix the cover 
16 to the drill string 2 without drilling holes into the 
drill string 2 itself and thus affecting the structural 
integrity of the drill string 2. 

Provided within the hole 11 of the rectangular plate 10 
are a first 22 and a second 24 electronic strain gauge 
comprising conventional electronic rosette strain gauges 
each arranged to measure strain in three directions on 
the basis of change in resistence arising due to 
stretching of wires within the rosettes. The first 
strain gauge 22 is bonded to the surface of the drill 
string 2 so that the electrical resistance of the first 
strain gauge 22 varies in accordance with stresses and 
strains exerted upon the drill string 2. The second 
strain gauge 24, in this embodiment of the present 
invention, is arranged to measure environmental changes 
such as changes in temperature which result in variation 
in readings from both the strain gauges 22,24. The 
second strain gauge 24 is therefore not fixed to the 
surface of a load bearing structure but is instead fixed 
to a non load bearing foil 25 of material corresponding 
to the material from which the drill string 2 is made. 
Thus in this way, variations in electrical resistance 
arising solely from environmental factors other than 
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exerted stress can be determined as the foil 25 will 
expand and contract in a similar manner to the material 
of the drill string 2. By subtracting the variations in 
readings of strain by the second strain gauge 24 from the 
readings of the first strain gauge 22 a record of the 
stresses and strains experienced by the drill string 2 
solely by virtue of applied loads can be obtained- The 
provision of a second strain sensor 24 as a dummy gauge 
enables the variation in resistance arising from 
environmental factors to be determined without the need 
for significant processing power and therefore requires 
relatively small amounts of electrical power to be 
achieved. 

Both the first 22 and second 24 strain gauges are 
attached to a processing unit 30 provided within the 
cavity 20 defined by the dome of the cover 16 and the 
upper surface of the rectangular plate 10 by means of 
wires 32,34. In this embodiment, these wires 32,34 
extend a distance of approximately 2 0 mm from the strain 
gauges 22,24 to the processing unit 30, 

The provision of a processing unit 30 within a housing 
defined by the cover 16 and the rectangular plate 10 also 
provides means by which data obtained from the strain 
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gauges 22,24 may be recorded substantially in situ. This 
enables the stress monitoring device 1 to be deployed to 
measure strains experience by structures such as the 
drill string 2 which rotate or move since no significant 
relative movement of the processing unit 30 relative to 
the strain gauges 22,24 will arise. 



The wires, 32, 34 are arranged to transfer current from 
the strain gauges 22,24 to the processing unit 30. For 
each of the strain gauges 22,24 the small variations in 
resistance in each of the three circuits comprising 
wiring arranged perpendicular to the three directions in 
which stress is to be monitored can then be determined 
from variations in current in the circuits . The circuits 
in which current is measured comprise the measuring 
wiring of the strain gauges 22,24 and the wires 32,34 
connecting the strain gauges 22,24 to the processing unit 
30, The resistance in these circuits varies in the case 
of the wires of the first strain gauge 22 due to 
environment factors such as changes in temperature and 
due to stretching due to the application of load to the 
drill string 2. In the case of the second strain gauge 
24, since this is not bonded to a load bearing surface, 
the variation in resistance in the wires of the second 
strain gauge 2 4 is due to environment factors alone. 
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These measurements of resistance can then be converted 
into measurements of strain experienced by the drill 
string 2 as will be described in detail later. 

The applicants have appreciated that as the variation in 
resistance used to determine measurements of strain are 
small, variation in the resistance of the wiring 32,34 
connecting strain gauges 22,24 to a processing unit 30 
can be a significant cause of error in readings of strain 
obtained from a strain gauge. In particular, as the 
measurement of strain by an electrical strain gauge 22,24 
causes only very small changes in resistance in the 
strain gauges 22,24 for example changes of approximately 
20mQ in a 120Q resistance strain gauge, comparable 
changes in resistance can also be generated as a result 
of thermal expansion or vibration of the wiring 32,34 
connecting the strain gauge 22,24 to a processing unit. 
Thus in order to minimise these errors these lengths of 
wires 32,34 connecting the strain gauges 22,24 to the 
processing unit 3 0 are made as short as possible to 
minimise the errors prior to signals generated by the 
strain gauges 22,24 being amplified by processing unit 
30. Furthermore, these wires 32,34 are contained within 
the cavity 20 defined by the dome of the cover 16 and 
therefore to a certain extent shielded from variations 
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in external environment by the cover 16 and hard facing 
3. 

Figure 4 is a block diagram of the processing unit 30 
connected to the first strain sensor 22 and the second 
strain sensor 24 by the short lengths of wires 3 2 and 34 
respectively . 

In this embodiment of the . present invention the 
processing unit 30 comprises a multiplexer 40 that is 
connected to the wires 32 and 3 4 connected to the first 
22 and second 24 strain sensors. The processing unit 30 
also comprises an analogue/digital converter 42 connected 
to the multiplexer 40 , a processor 44 r a memory 46, a 
battery 48, a clock 50, a temporary data store 52 and a 
receiver /transmitter 54. 

The processor 44 in addition to being connected to the 
analogue/digital converter 42 is also connected to the 
memory 46, the battery 4 8 for powering the processing 
unit 30, the clock 50, the temporary data store 52 and 
the receiver transmitter 54. 

The multiplexer 40 is arranged to receive signals from 
the first strain sensor 22 and the second strain sensor 
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2 4 simultaneously. The multiplexer 40 converts the 
simultaneous readings received from the first 22 and 
second 24 strain sensors into six separate signals being 
measurements of current in each of the three circuits of 
both of the strain sensors 22,24 which are then passed 
to an analogue digital converter 4 2 connected to the 
multiplexer. The analogue digital converter 4 2 converts 
the analogue signals output by the multiplexer 40 into 
digital signals which are then passed to a processor 4 4 
connected to the analogue digital converter 42. 

The processor 44 is arranged to amplify signals output 
by the analogue digital converter 42 prior to storage 
within the data store 52. The processor 44 is also 
arranged to determine from data within the temporary data 
store 52 and signals received and amplified from the 
analogue digital converter 42, whether a structurally 
significant event has occurred. As will be described in 
detail later when such an event has been determined to 
have occurred data indicative of the event and the time 
at which it occurred are stored in the memory 46. 

The data store 52 in this embodiment is arranged to store 
data used by the processor to determine if a significant 
structural event has occurred. As such the data store 
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52 is arranged to store data for short periods of time 
whilst the significance of the data may be assessed. The 
memory 4 6 in contrast is a long term data store which is 
intended to provide a permanent record of significant 
structural events experienced by the structure to which 
the stress monitoring device is attached. The memory 46 
in this embodiment comprises a flash RAM which enables 
data to be read out from the memory 46 without 
interfering with the processing of the memory 46. 

The transmitter/receiver 54 is arranged to receive radio 
messages from a data reader 4. When this occurs the 
transmitter/receiver 54 passes a signal to the processor 
44 which then causes the processor 44 to retrieve data 
from the memory 46 which is then transmitted as a radio 
signal by the transmitter receiver 5 4 to the data reader 
4. Thus in this way the contents of the memory 46 may 
be copied into the memory of a data reader 4 for 
subsequent analysis . 



The processing of signals by the processor 44 on a 
processing unit 30 in accordance with this embodiment of 
the present invention will now be described with 
reference to Figure 5 . 
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Figure 5 is a flow diagram of the processing of a 
processor 4 4 in accordance with this embodiment of the 
present invention. Periodically for example every 1.5 
milliseconds the processor 44 processes signals obtained 
from the analogue digital converter 42. The signals from 
the analogue digital converter 42 in this embodiment of 
the present invention comprise four signals, three 
signals from the first strain sensor corresponding to 
strain readings in three directions from the strain 
sensor 22 and one signal corresponding to one reading 
from the second strain sensor 24. When the processor 44 
obtains these four signals from the analogue/digital 
converter 42, the processor 44 initially (si) digitally 
amplifies these signals by a factor of 5,000. 

The processor 44 then (s2) subtracts from the amplified 
signals for the three directions for which readings from 
a first strain sensor 22 have been obtained, the reading 
obtained by the second strain sensor 24. 

Since only the first strain sensor 22 is bonded to the 
surface of the drill string 2 only the first strain 
sensor 22 is effected by stresses and strains exerted 
upon the drill string 2. Any variation in the reading 
from the second strain sensor 24 therefore only arise due 
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to environmental factors such as variations in 
temperature to which the stress monitoring device 1 is 
subjected. Thus by subtracting the readings from the 
second strain sensor 2 4 from the readings of the first 
strain sensor 22 a set of three values for the stresses 
exerted upon the drill string 2 in three different 
directions is obtained which is not influenced by the 
environmental factors . 

After the readings for the first strain sensor 22 have 
been modified by subtracting corresponding readings from 
the second strain sensor 24 the processor 44 then (s3) 
determines whether for each of the three readings the 
difference between each reading and a corresponding 
previously stored reading within the data store 52 
exceeds a noise threshold. If the readings of the strain 
sensor 22 modified to account for environment factors are 
all substantially identical to the values previously 
stored in the data store 52, this indicates that the 
stresses exerted upon the drill string 2 have not varied 
significantly from the previous time a determination of 
stress has been made. By filtering the readings of the 
strain sensor in this way minor errors arising due to, 
for example, vibration in the wires 32,34 are not 
recorded as events effecting the drill string 2. 
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If all of the readings from the first strain sensor do 
substantially correspond to those previously stored in 
the data store 52 no further action is then taken by the 
processor 44 until the next signal is received from the 
analogue digital converter 42. 

If, however, the readings from the strain sensor 22 do 
vary by an amount greater than the threshold amount the 
new set of readings are then (s4) stored within the data 
store 52, together with data indicating the time 
indicated by the clock 50 for the time at which the 
processor 44 obtained the readings from the strain sensor 
22 overwriting values corresponding to the reading stored 
within the data store 52 previous to the reading before 
the last reading. Thus in this way the data store 52 has 
stored therein three sets of readings from the first 
strain sensor 22 amplified and modified to account for 
environmental factors for three consecutive readings 
which differ from one another by an amount greater than 
a noise threshold value, each of the three sets of 
readings comprising three values indicating strain in 
three different directions within the drill string 2. 

The processor 44 then (.5) determines whether the data 
stored within the data store 52 indicates that the strain 
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exerted upon the drill string 2 has reached either a 
maxima or a minima (s5). This is achieved by the 
processor 44 determining for each of the values 
corresponding to measurements of stress in a particular 
direction whether the value corresponding to the middle 
of the three readings stored within the data store 5 2 for 
a particular direction is greater than or less than both 
of the other two readings for stress in that direction. 
If this is the case the processor 44 then (s6) stores the 
data corresponding to the middle reading comprising the 
three values for the stresses detected in the three 
directions by the first strain sensor 2 2 and time data 
corresponding the time on the clock 50 at which the 
values were measured in the memory 46. The processing 
of the processor 44 then ends until the next signal 
received by the processor 44 from the analogue digital 
converter is processed. 

Thus in this way data indicating the strain exerted upon 
a drill string 2 indicating maximum compression or 
extension is recorded within the memory 4 6 together with 
the time at which such expansion and compression 
occurred. When this data is read out using a data reader 
4 the data may then be processed in a conventional manner 
by rain flow or range pair analysis to identify loading 
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sequences experienced by the drill string 2 from which 
the fatigue experienced by the drill string 2 may be 



readings has exceeded a threshold value the drill string 
2 may be withdrawn from use to ensure that down hole 
failure does not occur as a result of structural failure 
of the drill string 2. 

A second embodiment of the present invention will now be 
described with reference to Figure 6. In the first 
embodiment of the present invention a stress monitoring 
device was described which is arranged to record maximum 
and minimum stresses exerted upon a device to which the 
monitoring device 1 was connected. In this embodiment 
of the present invention,, in addition to recording 
significant structural events comprising periods of 
maximum and minimum stress, the monitoring device 1 in 
accordance with this embodiment is arranged also to 
record data indicating rest periods when no external 
structural stress is applied to the device to which it 



determined. 



When the fatigue calculated from the 



is attached. 



>5 



The stress monitoring device 1 in this embodiment of the 
present invention is identical to that described in 
relation to the first embodiment except the processor 44 
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is arranged to process data received from the analogue 
digital convertor 42 in a manner which will now be 
described with reference to Figure 6 . 

Figure 6 is a flow diagram of the processor 44 in 
accordance with the second embodiment of the present 
invention. The processing of the processor 44 in 
accordance with this embodiment of the present invention 
is identical to that which has been described in relation 
to the first embodiment which will not be repeated here 
except when (s3) the processor determines that the 
readings from the first strain sensor 22 modified by 
subtracting corresponding readings from the second strain 
sensor 2 4 are determined to substantially correspond to 
corresponding readings stored within the data store 52. 

In this embodiment , when this occurs, the processor 44 
then (s7) determines (s7) whether a rest period is 
occurring by comparing the current time on the clock 50 
with the time associated with the last recorded 
measurement of strain recorded within the memory 46. If 
the time difference between the reading on the clock 5 0 
and the reading last recorded within the memory 46 is 
above a predetermined threshold this indicates that no 
variation in structural stress within the device to which 
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the stress monitoring device 1 is attached has occurred 
for a period of time greater than this preset threshold, 
data indicating the length of the rest period is then 
stored (s8) within the data store 52. 

After either data has been stored in the data store 52 
(s8) or after the processor 44 has determined that no 
rest period is occurring 57 the processing of the 
processor 44 then comes to an end. 

When a variation in stress determined to correspond to 
a turning point (s5) is detected the processor 44 stores 
data corresponding to this reading and data identifying 
the length of time of the previous rest period recorded 
within the data store 52 within memory. The rest period 
data within the data store 52 is then set to zero. 

Thus in this way in addition to having stored within the 
memory 46 data identifying the maximum and minimum 
stresses exerted upon the device to which the stress 
monitoring device one is connected the memory 4 6 also has 
stored therein data identifying the time periods and 
times of occurrence of periods in which no variation in 
stress occurs. This data may then be read out of the 
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memory 46 in the same manner in which has been described 
in relation to the first embodiment. 

A third embodiment of the present invention will now be 
described. In the previous two embodiments of the 
present invention a stress monitoring device 1 has been 
described which is arranged to record data indicating 
maximum and minimum stresses exerted upon a device or 
component to which the stress monitoring device 1 is 
attached. Although providing a useful record of the 
stresses exerted upon the device or component, for some 
applications, particularly where stress frequently varies 
or where stress is to be monitored over a long period of 
time, problems may arise with the need to store large 
amounts of data . 

Thus in accordance with this embodiment of the present 
invention, in addition to processing and recording data 
as has been described in the first embodiment, in this 
embodiment, periodically the data stored within the 
memory 46 of the stress monitoring device 1 is itself 
processed with the results of the processing being stored 
whilst the actual data obtained by the stress monitoring 
device 1 in the memory 46 is then allowed to be 
overwritten 
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The applicants for the present invention have appreciated 
that for long term structural monitoring of devices and 
components, changes within the components and devices 
arising from fatigue give rise to variations in the way 
in which a component or device reacts to applied loads . 
In particular, long term variations in the manner in 
which part of a device or component is stressed may be 
indicative of the generation of cracks in a portion of 
the device or component remote from where stress is being 
measured . 

Thus in accordance with this embodiment of the present 
invention after a pre-set period of measurements have 
been stored within the memory 46 the processor 44 in 
accordance with this embodiment determines an average 
ratio of the readings for the three directions in which 
stress is monitored by "the way rosette strain sensor 22. 
These calculated ratios are then stored within the memory 
46. The processor 44 then proceeds to overwrite the 
previously recorded measurements of maximum and minimum 
strain stored within the memory 46 for a corresponding 
pre-set time period and then further ratio data is 
recorded. This cycle is repeated with ratio data 
accumulating within the memory 46. When data is read out 
of the memory 4 6 the manner in which the ratio of strain 
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in the three directions measured by the strain sensor 22 
varies over time may then be determined so that the 
generation of faults and cracks within the device or 
component to which the stress monitoring device 1 is 
attached may be calculated. 

Although in the above described embodiment apparatus has 
been described in which ratios of different average 
ratios of stress measured in three directions has been 
described as being recorded for each time period for 
which maximum and minimum stress readings are stored. 
It will be appreciated that the memory requirements for 
storing data could be further reduced by only storing 
data within the memory 46 for average ratios for time 
periods where the average ratio differs 'from a pre-set 
threshold from the ratio for the previous time period. 
Thus in this way less data would need to be stored within 
the memory 46 whilst trends in the manner in which a 
component or device being monitored reacts to applied 
stress could be determined. 

Although in this embodiment reference has been made to 
processing readings of stress to obtain data identifying 
ratios of average stress experienced in different 
directions , it would be appreciated that data could also 
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be generated identifying the manner in which magnitude 
of detected stresses varied over time to provide a record 
of the manner in which the component or device to which 
the recorded stress monitoring device 1 is attached 
differs in its reactions to applied load. 

A fourth embodiment of the present invention will now be 
described with reference to Figures 7 and 8. Figure 7 
is a block diagram of a processing unit 30 in accordance 
with this embodiment. This embodiment of the present 
invention is identical to that described in relation to 
the first embodiment except that instead of the 
processing unit 30 being connected to a first 22 and 
second strain sensor where the first 22 and second 24 
strain sensors are both rosette strain sensors, in this 
embodiment the processing unit 30 is connected to a 
linear strain sensor 60 and to a temperature sensor 62. 
The processing unit 30 in accordance with this embodiment 
is also modified in that no clock is provided and the 
processor 44 is replaced by an alternative processor 65 
arranged to utilise the signals from the linear strain 
sensor 60 and temperature sensor 62. 

In this embodiment, a stress monitoring unit is provided 
to monitor stress experienced by a component or structure 
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in a single direction. By providing a linear strain 
sensor 60 arranged to measure strain in a single 
direction the processing requirements of the processing 
unit 30 can be reduced since only one measurement of 
stain is processed. 

Figure 8 is a flow diagram of the processing of the 
processor 6 5 in accordance with this embodiment of the 
present invention- As in relation to the first 
embodiment signals received from the strain sensor 60 and 
the temperature sensor 62 by the multiplexor 40 are 
passed to the analogue digital convertor 4 2 before being 
output to the processor 65. The signal from the linear 
strain sensor 60 is then (sll) amplified by the processor 
65 in a similar way to that described in relation to the 
first embodiment. The processor 65 then (sl2) modifies 
the amplified signal to account for variations in 
temperature as indicated by the temperature sensor 62. 

The modified signal is then (sl3) compared with data 
stored with the data store 52. In this embodiment to the 
present invention the data store is arranged only to 
store data corresponding to three previous readings 
obtained from the linear strain sensor 60 amplified and 
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modified by the processor 65 and a value for the latest 
turning point value stored in the memory 46. When 
comparing the latest reading with those stored in the 
data store the processor 65 initially determines whether 
the present reading obtained by the linear strain sensor 
60 varies from the latest reading stored within the data 
store 52 by an amount greater than the noise threshold 
value. If this is the case the processor 65 overwrites 
(sl4) the reading stored before the last but one reading 
stored within the data store 52.. 

The processor 65 then determines whether a turning point 
has been reached (sl5) this is calculated by determining 
whether the middle of three readings stored within the 
data store 5 2 is greater than or less than both of the 
other two readings. If this is the case this middle 
reading is then compared with the previous turning point 
value stored within the data store 52 and a cycle mean 
and range corresponding to the difference between the 
middle value and the turning point value stored within 
the data store 52 and the average value between the 
middle value and the turning point value stored within 
the data store 52 respectively are calculated and stored 
(sl6) within the memory 46. The middle value of the data 
store 52 is then used to overwrite the value for the 
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latest turning point stored within the data store 52. 
The processing of the processor 65 then comes to an end 
until the next signal is received from the analogue 
digital convertor 42. 

In contrast to the previous embodiment of the present 
invention/ this embodiment only records within the memory 
64 data indicative of the mean and range of cyclic 
compression and extension as measured by the linear 
strain sensor 60. The amount of data stored within the 
processing unit 30 can therefore be reduced. Furthermore 
since in this embodiment the processing unit 3 0 does not 
need to power a clock the lifetime of the unit as 
dictated by the battery 48 is increased. 

A fifth embodiment of the present invention will now be 
described. Figure 9 is a schematic diagram of a fifth 
embodiment of the present invention. This embodiment of 
the present invention comprises a stress monitoring unit 
100 arranged for attachment to a bridge 102. The stress 
monitoring unit 100 in accordance with this embodiment 
in the present invention is connected to and powered by 
a solar cell 104. The stress monitoring unit 100 is 
arranged to monitor stresses exerted upon the bridge 102 
and periodically transmit by means of a radio signal, its 
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readings to a data logger 106 provided on easily 
accessible portion of the bridge. The data logger 106 
provides a back-up storage device for storing the data 
generated by the stress monitoring unit 100. When the 
bridge is inspected data from within the data logger 10 6 
can be downloaded into a portable computer (not shown in 
Figure 9 ) . 

Thus in this way stresses exerted upon a bridge 102 may 
be measured easily. In particular stresses exerted on 
portions of a bridge 102 which are not easily accessible 
may be easily measured. The provision of solar cell 104 
enables the stress monitoring unit 100 to be self powered 
and thereby enables the stress monitoring unit 100 to 
have a lifetime of approximately the same duration as the 
expected lifetime of the bridge 102 .on to which it is 
attached. The stress monitoring unit 100 therefore is 
able to record stresses exerted upon the bridge 102 
throughout the entire lifetime of the bridge 102. 

Figure 10 is a schematic prospective view of a sixth 
embodiment of the present invention. In this embodiment 
of the present invention a stress monitoring unit 200 is 
provided that is attached to an aqua lung 202. The 
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stress monitoring unit 202 monitors the stresses exerted 
upon the aqua lung 202. 



In this embodiment of the present invention, the stress 
monitoring unit 200 is provided with a data port 204 to 
which a data layer 206 may be connected via an interface 
208 and an interface lead 210. When the interface 208 
of the data logger 206 is inserted into the data port 204 
this causes data within the memory of the stress 
monitoring unit 200 to be copied into the memory of the 
data logger 206. As in this embodiment of the present 
invention a direct communications link between the stress 
monitoring unit 2 00 is provided by the interface 201 and 
interface lead 210, no transitu. tter/receiver is required 
within the stress monitoring unit 200. „ Furthermore, the 
power required to copy data into the memory of the data 
logger 206 maybe provided by the data logger 2 06 itself 
rather than by the stress monitoring unit 200 thereby 
extending the battery life of the stress monitoring unit 
200. 



In this embodiment of the present invention as the 
stresses exerted when diving in general vary very little 
other than when a charge in depth is occurring the stress 
monitoring unit 20 0 in this embodiment is arranged to 
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periodically determine stresses within the aqua lung 2 02 
every two seconds. Thus in this way the amount of data 
generated and the power required by the stress monitoring 
unit 200 are minimised. 



In general it will be appreciated that the frequency of 
obtaining measurements of stress exerted upon a structure 
may be selected so as to be appropriate for the structure 
which is being monitored. Thus for structures such as 
a rotating drill string which are rotated at relatively 
high speed and therefore are subject to frequent large 
variations in stress a higher frequency of measurement 
will be used relative to an application where stress is 
substantially constant and varies infrequently over time. 



Although in the previous embodiments reference has been 
made to electrical strain gauges arranged to measure 
strain on the basis of variation in resistance, it will 
be appreciated that other types of strain gauge could be 



applied to strain gauges measuring variation in stress 
and strain utilizing optical fibres. 



5 



15 



20 



used. 



In particular, the present invention could be 



25 



Although in the previous embodiments reference has been 
made to stress monitoring units which store data and then 
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either periodically transmit copies of the stored data 
for analysis or transmit data upon request, it will be 
appreciated that a stress monitoring unit could be 
provided that was arranged to transmit data continually 
whilst stress was being monitored. 

In the previous embodiments data stored within the memory 
of a stress monitoring unit has been described in terms 
of data indicative of maxima and minima of exerted 
stress, or times and duration of rest periods it will be 
appreciated that in general any suitable algorithm could 
be provided for selecting those readings obtained by a 
stress monitoring unit which are stored within the memory 
of the stress monitoring unit as a long term record of 
the stresses experienced by a structural component to 
which the unit is attached. 

Furthermore, it will be appreciated that such recorded 
readings could as has been described in relation to the 
third embodiment be further periodically processed to 
generate data identifying trends in the manner in which 
a component or device reacts to applied stresses. 

In some embodiments of the present invention, the data 
store 52 could be arranged to store, for each of the 



WO 02/01172 



VGB01/02944 



40 



directions in which strain sensors 22,24 detect strain, 
values from zero to 255 indicative of the relative 
reading for strain in each direction relative to stored 
offsets. In this way, by storing only the values and the 
offsets, readings of strain could be stored utilizing 
relatively little memory. 

In some embodiments of the present invention, an input 
interface could be provided to enable the input of data 
identifying the material of the structure being 
monitored. This data could then be utilized by the 
processor 44 to alter the threshold used to filter out 
variations in stress and strain which amount to 
variations beneath the threshold which will effect the 
structure integrity of a structure of that material in 
any way. Thus in this way, the monitoring device may 
be suitable for monitoring structures of different 
materials. 

Although in previous embodiments reference has been made 
to data being transmitted to a reader or data logger by 
means of a radio link, it will be appreciated that any 
suitable transmission means could be used. Thus for 
example electromagnetic proximity sensors or infrared 
transmission could be used. Alternatively where a direct 
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link is provided between a stress monitoring device and 
a data logger either an electrical signal or a light 
signal sent via a fibre optical cable could be used to 
transmit data stored within the memory of the stress 
monitoring unit. 

In the previous embodiments reference has been made to 
an apparatus in which a stress monitoring unit is 
provided that is separate from a computer for analysing 
recorded measurements of stress and strain. It will be 
appreciated that means for analysing data could be 
provided as part of the stress monitoring device itself 
thus for example graphical or numerical outputs of 
recorded stress indicating for example the magnitude and 
number of compressions and expansions experienced by a 
structure could be calculated from the recorded 
measurements of stress and displayed on a liquid crystal 
display incorporated as part of the stress monitoring 
device. Alternatively, a warning device such as an alarm 
in the form of a flashing light could be provided as part 
of the stress monitoring unit, with the unit arranged to 
indicate when a predetermined amount of fatigue has been 
experienced by a structure. 
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Although in the above described embodiments , strain 
sensors 22,24 have been described arranged to detect 
variations in stress where both strain sensors 22,24 are 
provided within the same hole 11 of a plate 10 , it will 
be appreciated that the sensor 24 detecting stress in a 
foil 25 could be provided within the cavity 2 0 defined 
by the housing 16. Alternatively , each sensor could be 
provided in a separate hole that did not communicate with 
the hole containing the other sensor- 
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CLAIMS : 



10 



15 



20 



1 • Apparatus for recording data identifying significant 
events experienced by structure separate from said 
apparatus, said apparatus comprising : 

a housing adapted to be attached to a structure; 

stress detection means mounted in said housing, said 
stress detection means operable in use when said housing 
is attached to a structure to detect stresses experienced 
by the structure to which said housing is attached; 

processing means for determining from readings of 
stress detected by said stress detection means whether 
a significant structural event has occurred; and 

recording means for recording means for recording 
data indicative of significant structural events 
determined by said determination means. 

2. Apparatus in accordance with claim 1, wherein said 
determination means comprises: 

storage means for storing a plurality of readings 
of stress by said stress detection means; and 

processing means for processing readings of stress 
stored within said storage means to determine whether a 
significant structural event has occurred. 
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3. Apparatus in accordance with claim 2, wherein said 
processing means is arranged to identify as significant 
structural events occurrences of readings associated with 
maximal or minimal detected stress, 

4. Apparatus in accordance with claim 2 or claim 3 
wherein said processing means is arranged to identify as 
significant structural events time periods in which 
detected stressed are substantially constant. 

5. Apparatus in accordance with any preceding claim 
wherein said stress detection means further comprises 
filtering means wherein said filtering means is arranged 
to output as readings of stress f readings obtained by 
said stress detection means determined to differ from 
previous readings of stress by at least a predetermined 
threshold. 

6. Apparatus in accordance with any preceding claim 
further comprising clock means wherein said recording 
means is arranged to record relative timings of said 
significant structural events determined by said 
determining means . 
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7 . Apparatus in accordance with any preceding claim 
wherein said recording means is arranged to record as 
data identifying a significant structural event , readings 
of stress obtained by said stress detection means which 
result in said significant structural event determined 
by said determining means. 

8- Apparatus in accordance with claim 7 further 
comprising calculation means for determining a calculated 
average for recorded readings for a period of time 
wherein said recording means is arranged to store data 
identifying said calculated average. 

9. Apparatus in accordance with claim 8, wherein said 
stress detection means is adapted to detect stress of a 
structure separate from said apparatus in plurality of 
different directions, wherein said calculation means is 
arranged to calculate ratios of average stresses detected 
for said plurality of directions and said recording means 
is arranged to record data indicative of said ratios. 

10. Apparatus in accordance with any preceding claim 
further comprising output means for outputting data 
recorded within said memory. 
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11. Apparatus in accordance with any preceding claim, 
wherein said housing is arranged to contain the rest of 
said apparatus. 

12. Apparatus for obtaining measurement of stress 
experienced by a structure separate from said apparatus, 
said apparatus comprising: 

housing defining a cavity; 

electronic stress detection means contained within 
said cavity, said stress detection means being adapted 
to detect variations in stress of a structure extending 
across said cavity; 

recording means provided within said cavity for 
recording a plurality of readings of stress detected by 
said stress detection means; and 

conduction means , provided within said cavity for 
transferring detected variations in stress for recordal 
by said recording means. 

20 13. Apparatus in accordance with claim 12 , further 

comprising processing means for processing detected 
variations in stress prior to recorded by said recording 
means, wherein said processing means is arranged to 
amplify detected variations in stress received from said 

2 5 conduction means. 
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14. Apparatus for monitoring stress, substantially as 
herein described with reference to the accompanying 
drawings . 

15. A method of recording data identifying significant 
structural events experienced by a structure comprising 
the steps of: 

providing electronic stress detection means for 
detecting stress in a structure; 

providing processing means for processing obtained 
readings of stress; 

obtaining readings of stress utilising said 
electronic stress detection means; 

transferring said readings to said processing means 
to process said readings to determine whether a 
significant structural event has occurred; and 

recording data indicative of determined significant 
structural events, wherein said processing means and said 
stress detection means are provided substantially in the 
same location . 

16. A method of recording stress experienced by a 
structure compr is ing : 

providing electronic stress detection means for 
detecting stress experienced by a structure; 
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providing recording means for recording readings 
obtained by said stress detection means; 

obtaining readings of stress utilising said 
electronic stress detection means; and 
5 recording said readings utilising said recording 

means wherein said recording means and said stress 
detection means are provided substantially in the same 
location . 

1° 17. A method of detecting and recording stress 

experienced by a structure, substantially as herein 
described with reference to the accompanying drawings. 

18. Apparatus for obtaining measurements of stress 
15 experienced by a structure separate from said apparatus, 

said apparatus comprising: 

a housing defining a cavity, said housing being 
adapted for attachment to a structure and having provided 
therein a hole permitting communication between the 
20 exterior of said housing and said cavity; 

electronic stress detection means mounted in said 
hole, said electronic stress detection means being 
arranged when said housing is attached to a structure to 
detect variations in stress experienced by said 
2 5 structure; and 
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processing means, contained within said cavity of 
said housing for receiving and processing measurements 
of stress detected by said electronic stress detection 
means. 
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